Abstract: In this work, we investigate the far-infrared wave properties for a ferroelectric material, i.e., lithium tantalate ðLiTaO 3 Þ, in the double-negative region, i.e., both the real parts of permittivity and permeability are negative. The analysis has been done based on the calculated surface impedances for three model structures, i.e., material occupying semi-infinite space (structure I), material of a slab immersed in free space (structure II), and a layered structure made of film on a dielectric substrate (structure III). It is found that the surface impedance spectrum exhibits resonant behavior. In structure I, there are only two resonant points, which arise mainly from the pole of permeability and the zero of permittivity. In structure II, multiple resonances can be found, and they strongly rely on the film thickness. Finally, we specifically investigate the substrate resonant phenomenon in structure III.
Introduction
In studying and characterizing electromagnetic wave properties for some certain materials, the use of a relevant response function is required. A familiar response function used in the community is the surface impedance which is defined as Z s ¼ R s þ iX s , where the real part, R s , and the imaginary part, X s , are called the surface resistance and the surface reactance, respectively. Surface impedance has been widely studied in many kinds of materials. For metals, in textbooks, we have known that the microwave surface impedance can be obtained as R s ¼ X s ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi i!" 0 =' p , which is obviously related to metallic conductivity ' and, consequently, metallic complex permittivity [1] . For superconducting materials, the information of Z s at microwave has been be widely employed to extract superconducting penetration length which is, in turn, closely related to electron conduction mechanism of a superconductor [2] , [3] . Recently, surface impedance has also been utilized to investigate optical properties of metamaterials (MTMs) in stratified metal-dielectric layered structures [4] , [5] . Electromagnetic MTMs with simultaneously negative permittivity ð"Þ and negative permeability ð"Þ, which are now called double-negative (DNG) materials, were first theoretically studied by Veselago early in 1968 [6] . An important consequence for a DNG material is that the corresponding refractive index is negative. As a result, it is called a negative index material (NIM). In [5] , the authors investigated the negative index in optical regime for a special design metal-dielectric composite structure. On the other hand, Alu and Engheta used the concept of surface impedance to study the mechanism of resonant tunneling in single-negative (SNG) metamaterial bilayer [7] , [8] . Additionally, photonic band structure in a photonic crystal can be characterized by making use of the impedance approach [9] .
In general, surface impedance is commonly considered in a dispersive medium whose permittivity and/or permeability are functions of frequency. Typical materials are metals, superconductors, semiconductors, and MTMs. The aforementioned reports on surface impedance are heavily involved in these materials. In addition to these materials, ferroelectrics are another strongly dispersive media. Recently, ferroelectric like Lithium Tantalate ðLiTaO 3 Þ (hereinafter referred to as LTO for brevity) has been used as a constituent of polaritonic photonic crystal [10] . The authors modeled LTO as a DNG medium and showed that there exists an omnidirectional photonic band gap in a one-dimensional quasiperiodic photonic crystal. The photonic band structure in an air/LTO photonic crystal was also studied by Manzanares-Martinez and RamosMendieta [11] . In fact, LTO is a polaritonic ferroelectric which has been extensively used in experiment in photonic community [12] .
With the surface impedance report on LTO being rarely seen, the purpose of this paper is thus to give a theoretical study on the surface impedance for LTO. Similar to [10] , we would like to model LTO as a DNG material and then calculate the surface impedance in the DNG frequency regime for three model structures depicted in Fig. 1 . It is worth mentioning that, in these three model structures, the bulk and the slab of LTO are thought of an effective medium with macroscopic " and " described by (1) and (3) in Section 2. This effective medium in fact is composed of periodic structure in order to obtain the metamaterial-like behavior, i.e., " and " are simultaneously negative [13] .
Surface impedance will be analytically studied as a function of frequency, film thickness, and substrate thickness as well. Numerical results on surface resistance as well as surface reactance reveal multiple resonant points in the frequency domain. The resonant behavior is further shown to be strongly affected by the thickness of LTO film. The role played by the film thickness will be elucidated.
Basic Equations
Surface impedance calculations will be performed in three model structures which are shown in Fig. 1 , in which electromagnetic radiation is assumed to be launched normally on the first plane boundary, x ¼ 0. In (a), we called it structure I which has LTO occupying the half space, x > 0. The surface impedance is known as the intrinsic bulk surface impedance Z s . In (b), the structure II, we have a slab of LTO whose thickness is denoted as L. The surface impedance in this case is called the intrinsic film surface impedance denoted as Z s;int . As for (c), an LTO film of finite thickness deposited on a dielectric substrate of thickness d is called the structure III and its surface impedance is commonly referred to as the effective surface impedance Z s;eff .
To calculate the surface impedance, it is necessary to first have the permittivity function " and the permeability function " of LTO. First, we model an effective medium made of a periodic array split ring resonators, characterized by polaritonic LTO, whose permittivity function is complexvalued and can be described by the model of polar semiconductor, namely [11] , [13] , [14] 
where the real and imaginary parts can be obtained to be
Here, ! LO and ! TO are longitudinal and transverse optical phonon frequencies, respectively, " 1 is the high-frequency limit of dielectric constant, and is the damping frequency arising from phonons. We see from (2) that negative-" 0 can occur at frequency greater than ! TO . On the other hand, the permeability, it can be expressed as a plasmonic-type, namely [10] , [15] "ð!Þ ¼ "
Here, ! 0 ¼ 2%c=! 0 , where c is the speed of light, and ! 0 is the central wavelength that corresponds to the magnetic resonance frequency, À is the loss factor, and F is the geometric fraction factor [12] , [16] . Equation (3) indicates that negative-" 0 can happen at ! > ! 0 . It should be noted that the form of Eq. (1) has nothing to do with the geometric structure because of its polaritonic nature of LTO. However, (3) is valid based on the use of the split-ring resonator (SRR) geometric structure for obtaining negative permeability [17] . Different geometric structures, like symmetric ring structure, may also have the same form of (3) in permeability but with different definitions for ! 0 , À , and F [18] .
With permittivity and permeability in (1) and (3), the associated wave number of LTO is also complex-valued, namely
where
is the free-space wave number, and n ¼ ffiffiffi ffi
It can be seen that the real part, k 0 , which is related to the phase velocity, might be negative when both the real parts of " and " are simultaneously negative. This has been known as a fundamental feature of a DNG material. The surface impedance Z s at plane boundary of x ¼ 0 is defined by
where E t is the tangential electric field and J s is the surface current density flowing along the tangential direction. With field solution at x > 0, simple manipulation leads to the following result for structure I:
In structure II, where a slab of thickness L is immersed in air, the intrinsic film surface impedance Z s;int at x ¼ 0 can be obtained by making use of the impedance transformation, namely
is the wave impedance of free space, and Z s is given in (6). As for structure III, the effective surface impedance at x ¼ 0 can be obtained by successively making use of the impedance transformation, with the result
where the impedance at x ¼ L is given by
are wave impedance and wave number of the dielectric substrate, respectively. 
Numerical Results and Discussion
In the beginning, let us first examine the frequency-dependent permittivity and permeability for LTO. The material parameters used for (1) and (2) Fig. 2 , in which permittivity (a) and permeability (b) are plotted there. For permittivity function, there is a resonant frequency near ! TO at which " 00 attains a maximum and " 0 exhibits a transition from extremely large positive values to extremely large negative values. At frequency below ! TO , " 0 is positive whereas it is negative at frequency above ! TO . The region of negative-" 0 will be terminated at the cutoff frequency ! c at which " 0 ¼ 0. Expression for ! c can be expressed as
With the above material parameters, we have a low-loss case and thus ! c ffi ! LO , as indicated by the vertical dashed arrow (see Fig. 2(a) ). As for the permeability function ( Fig. 2(b) ), the resonant point occurs at ! 0 and negative-" 0 exists at ! > ! 0 . Therefore, the DNG region is at frequencies, ! TO G ! G ! LO , as shown in Fig. 2(c) .
Let us now investigate the surface impedance for the structures in Fig. 1 . First, in Fig. 3 we plot the calculated intrinsic bulk surface resistance R s (blue) and surface reactance X s (red) as a function of frequency. Here, frequency range of ! ¼ 120 À 320 THz is taken. This region in linear frequency is !=2% ¼ 19:1 À 50:9 THz, or 5.89-17.7 "m in wavelength. Thus, the frequency of interest in this work is in FIR region. It can be seen from the figure that there are two resonant peaks 1 and 2 in R s . The resonant peak 1 near ! 0 is contributed by the permeability function of Eq. (3). The second peak 2 near ! LO arises from the zero point of "
0 . This is because the intrinsic bulk surface impedance in Eq. (6) can be rewritten as Z s ¼ Z 0 ffiffiffiffiffiffiffiffi ffi "=" p . As a result, with the neglection of loss factor, the resonance occurs at the zero of " (peak 2) or at the pole of " (peak 1).
Actually, peak 1 is at 153.849 THz with R s ¼ 267:226 , whereas peak 2 is at 294.855 THz with R s ¼ 728:015 . Resonance frequency of peak 2 is shown to be at around ! LO . This can be easily seen by setting "ð!Þ ¼ 0 and ¼ 0 in Eq. (1). Simple manipulation leads to ! ¼ ! LO . On the other hand, the behavior of X s at the two resonant points is totally different. In the vicinity of point 1, the values of X s are negative (capacitive) whereas they become positive (inductive) around point 2. This switch from capacitive to inductive behavior in X s can be employed to experimentally characterize frequencies of ! 0 and ! LO . Fig. 3 . Calculated frequency-dependent intrinsic bulk surface resistance R s (blue) and surface reactance X s (red). There are two resonant points labeled as 1 and 2, respectively.
Next, we consider the single slab geometry as shown in Fig. 1(b) . In Fig. 4 , we plot (a) the intrinsic film surface resistance R s;int and (b) the intrinsic surface reactance X s;int as a function of the frequency for three different thicknesses of LTO, L ¼ 4, 1, and 0.1 "m (corresponding to curves 1-3, respectively). It can be seen that there exist several resonant points in R s;int and X s;int at a fixed thickness. These resonant behaviors are strongly affected by the thickness of the slab, i.e., the number of resonant points is significantly increased as the thickness L increases. This can be qualitatively understood by regarding the slab as Airy slab (or Fabry-Perot resonator), which shows that the number of resonance peaks will be increased when the slab thickness increases [19] . There are three resonant regions which can be divided by three characteristic frequencies, ! 0 , ! TO , and ! LO . The first region is at frequencies of ! ! 0 . In addition to the resonance at ! 0 (whose shape is nearly independent of L), at L ¼ 4 and 1 "m, additional resonances are produced at frequency less than ! 0 . According to Fig. 2 , we find that these additional resonances belong to double-positive (DPS) region with " 0 > 0 and " 0 > 0. In addition, they will be absent at L ¼ 0:1 "m. The second resonant region locates at frequencies from ! TO to 230 THz. The resonant points, which are not seen in Fig. 3 , are well falling in the DNG region. The dependence of resonant peaks on the film thickness is similar to the first region. Finally, the third region locates at ! ! ! LO . The resonant shape is broader compared to the first and second regions. There are two peaks for L ¼ 4 "m (curve 1). One is at ! LO and the other is at frequency above ! LO . The peak at ! LO is strongly broadened as L decreases, which is in sharp contrast that at ! 0 . The peak at frequency above ! LO , however, is absent when L decreases. The results in Fig. 4 demonstrate how the film thickness influences the distribution of the resonance in the intrinsic film surface impedance. That is, in the frequency domain, to obtain more resonant peaks in R s;int , it is preferential to increasing the film thickness. It is worth mentioning that this similar result can also be found in the nearly ferroelectric superconductors [3] . The significant difference is that the resonant peaks in [3] are very sharp and comblike while they are not comblike here.
To further investigate the role played by the film thickness in the resonant behavior, in Fig. 5 , we plot R s;int and X s;int versus L at four frequencies, 150, 200, 250, and 300 THz (corresponding to curves 1-4, respectively). At 150 THz (G ! 0 curve 1), it is of interest to note that the resonance occurs L G 3 "m, in which both R s;int and X s;int decrease with the increase in L. At L > 3 mum, no resonant behavior can be seen. Thus, L ¼ 3 "m can be defined as a critical thickness that separates the resonant and nonresonant region. At 200 THz (curve 2), resonance occurs for the entire thickness of interest and both the peak heights of R s;int and X s;int decrease as a function of L. At 250 THz (curve 3), the resonant behavior is no longer existing. R s;int decreases quickly to zero as L increases, while X s;int is first increased up to L ¼ 0:127 "m and then decreases to a constant as L increases. Finally, at 300 THz ð> ! LO Þ, a wide resonant curve is obtained with a resonance near L ¼ 7:6 "m. In addition, both R s;int and X s;int behave like a sinusoidal function of L.
Before going to the thickness-dependent response, let us give a brief discussion on Figs. 3-5. The frequency responses for the three model structures show that the surface resistances are always positive. Positive resistance means the structures are dissipative. This is due to the fact that the material of LTO is lossy with the existing damping factors and À in (1) and (3), respectively. In the analysis that follows, we make a further studies on the resonance and the change from negative to positive and vice versa in surface reactance at off resonance. To gain more physical insight to this problem, we have first performed numerical simulation using a commercial simulator (CST Studio Suite 2014) which is based on the finite integration in time domain algorithm. Fig. 6 shows the spatial distribution of the calculated H-field at 200 THz (one of the when the thickness of the LTO slab is taken to be 1 "m. resonant frequencies) when the thickness of the LTO slab is taken to be 1 "m. It is clearly observed that strong confinement of the fields occurs in the LTO film due to resonance. Furthermore, odd-mode resonance can be identified since anti-symmetric field distribution with respect to the plane of symmetry is observed. In addition, according to the numerical simulation results, we have observed an increase in the surface field as well as the decrease in the surface current density when a resonance occurs. To be more specific, in the vicinity of the resonant frequency, the surface field reaches its maximum value at resonance while the surface current density yields the minimum value meanwhile.
Next, to have an intuitive interpretation on the physical meanings around resonant frequency, we apply the equivalent transmission-line model for the purpose of analysis. Applying shortcircuit bisection at the plane of symmetry for odd-mode analysis, the equivalent transmission line model as well as the corresponding circuit network at resonance can be deduced as shown in Fig. 7 . In the transmission-line model, Z Air and Z LTO denote the intrinsic characteristic impedance of the air and LTO film, respectively; k LTO denotes the wave number in the LTO layer and the length of the transmission line is taken to be half of the film thickness due to symmetry. The following condition must be satisfied when the resonance occurs, namely
Note that in the above equations, c is the speed of light and the expressions for the permittivity and permeability yield the operation in the DNG region. It can be seen that (12) and (13) enable us to have effective inductor and capacitor. Since we are having a relatively low loss condition, we have ignored the loss in the analysis for simplicity. Fig. 8 shows the frequency dependence of the reactance around resonance frequency. Clearly, the inductive reactance X L decreases as the frequency increases whereas the capacitive reactance X C shows an opposite trend. At 200 THz, the inductive and capacitive reactance cancel each other out leading to the occurrence of the resonance. Similar transitions of reactance from either inductive to capacitive or vice versa can be observed at all the other resonant frequencies as well. Thus, the nature of switching behavior in surface reactance in Fig. 4 is clearly elucidated. Finally, the effective surface resistance for a layered structure in Fig. 1(c) is plotted in Fig. 9 , where the substrate is taken to be SiO 2 with a relative permittivity of " sub ¼ ð1:45Þ
2 . Here we demonstrate R s;eff as a function of substrate thickness for three different thicknesses of LTO, L ¼ 4, 1, and 0.1 "m (curves 1-3, respectively) at frequencies of 150, 200, 250, and 300 THz, respectively. In general, R s;eff vs. d will show an oscillating behavior, which is known as the Fig. 9 , to investigate the SRP in R s;eff , it is better to choose the LTO film with a small thickness of 0.1 "m, for example.
Before we give the concluding remarks, let us briefly address three points related to the above theoretical formulation and method. First, we have shown that DNG region is in the FIR region for LTO. For other materials, the DNG can be achieved in the optical and UV regions [20] , [21] . With available effective permittivity and permeability as those in (1) and (3), the transmission line method can also be applied to study the surface impedance of the model structures. Second, the effective permittivity and permeability in (1) and (3) are based on the homogeneous effective medium (HEM). When inhomogeneity of MTM structures is considered, expressions for permittivity and permeability functions are different from (1) and (3), and can be described by the theory of periodic effective medium (PEM) [22] . Another issue is the non-local effect of MTM structures. This effect can be considered when a metallic constituent is included [23] . As investigated in [22] and [23] , both inhomogeneity and non-locality can lead to a shift in the frequency response. Thus, we believe that they may be also important in the spectra of the surface impedance. In our case, since LTO is an ionic crystal, we believe that the non-locality effect could be reasonably neglected. Third, it is known that the effective medium model used here describes accurately a thick (bulk) MTM. For very thin sample of MTM, it is possible that the effective permittivity and permeability are not as simple as those in (1) and (3) and dependent on the number of MTM layers. In this case, the transmission line model (see (5) - (9)) is not suitable for the calculation of surface impedance. The surface impedance must then be numerically determined by the full field solutions using computational method such as the layermultiple-scattering (LMS) method [21] , [23] .
Conclusion
We have studied the far-infrared frequency response for a polaritonic ferroelectric material of LTO in DNG region. The response function is taken to the surface impedance calculated for three model structures. The surface resistances for all three structures exhibit resonant behavior in FIR region. In the intrinsic bulk surface impedance, two resonant peaks in the vicinity of ! 0 and ! LO are illustrated. In the intrinsic film surface impedance, the distribution in the resonant peaks is strongly affected by the variation of the film thickness. In addition, we find that there is a threshold thickness for LTO. The resonance in R s;int can happen only when the film thickness is smaller than the threshold thickness. As for the LTO/dielectric layered structure, the calculated effective surface resistance shows the SRP. This SRP is dependent on not only the operating frequency but also the thickness of LTO. To obtain a pronounced SRP, it is preferable to select an LTO film of a small thickness. With the current analysis limited in the FIR region, the results could be informative to the photonic applications of LiTaO 3 . With the multiple resonance points, a design of multiple-channel filter could be a potential and useful application in optical electronics. In addition, calculation of surface impedance can, of course, be extended to the multilayered structures such as superlattice and photonic crystal structure as well. Moreover, the study of surface impedance can be used to extract to fundamental physical quantities related to material electrodynamics.
